Abstract: Optimal utilization of available water resources has become more urgent due to the rapid growth of the economy and population. The joint operation of the Three Gorges cascade and Qingjiang cascade reservoirs in China was studied in this paper. Choosing maximization of hydropower generation and hydropower revenue as objective functions respectively, optimal models were established for individual and joint operation of the cascade reservoirs. The models were solved by the progressive optimality algorithm. The storage and electric compensation benefits among cascade reservoirs were analyzed. The daily inflow data of consecutive hydrological years of 1982-1987 were selected for a case study. Compared with the design operation rule, the joint operation of the multi-reservoir system can generate 5.992 billion kWh of extra power or an increase of 5.70% by the objective function of maximum hydropower generation. Through reservoir storage compensation, the spilled water of the Three Gorges and Qingjiang cascade reservoirs was decreased by 78.741 and 5.384 billion m 3 , respectively.
Introduction
Reservoirs are one of the most efficient tools for integrated water resource development and management. With the rapid development of the economy, the function of reservoirs has become more and more important to help meet society's energy and water requirements. By altering the spatial and temporal distribution of runoff, reservoirs serve many purposes, such as flood control, hydropower generation, navigation, recreation, etc. [1] . Reservoir operation and management are one of the most complex problems for the integrated water resource development and management [2] . Various reservoir operation models and method have been proposed and reviewed by many authors [3] [4] [5] [6] [7] . However, it is difficult to find a single model or technique to solve the operation of a multi-reservoir system [8] .
Most of the reservoir systems in the world are still managed on fixed and predefined operating rules based on different simulation models. This is mainly due to institutional, rather than technological and mathematical limitations [9, 10] . Simulation is a modeling technique that is used to approximate the behavior of a system on the computer, representing all the characteristics of the system largely by a mathematical or algebraic description [4] . In a pure simulation model, reservoir releases are determined by a set of predetermined operating rules. A series of simulation rules can be modified and improved until model results are judged acceptable. The earliest simulation model appearing in the literature seems to be the study performed by the U.S. Army Corps of Engineers in 1953 for the operational study of six reservoirs on the Missouri River [4] . Since then, simulation models have been widely used for planning and managing complex water resource systems.
In addition, optimization models involve allocating resources, developing stream flow regulation strategies and operating rules, and making real-time release decisions within the guidelines of the operating rules [6] . Optimization models are commonly used for hydropower reservoir operations with different time scales, ranging from seasonal operation planning to daily, hourly, and real-time operations. An extensive literature exists on the application of optimization techniques to the operation of hydropower reservoir systems. Various optimization models based on linear programming (LP), non-linear programming (NLP), dynamic programming (DP), genetic algorithms (GA), artificial neural network (ANN), etc., for reservoir operation are also very common in the academic literature [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Since the hydropower reservoir operation is a stochastic and even highly nonlinear problem, DP is an appropriate choice [20] . DP is an approach that divides the original optimization problem, with all of its variables, into a set of smaller optimization problems, each of which needs to be solved before the overall optimum solution to the original problem can be identified [21] . A network of nodes and links can represent each discrete DP problem. DP methods find the best way to get to any node in that network. The nodes represent possible discrete states that can exist and links represent the decisions one could make to get from one state to another. DP is particularly suitable when dealing with sequential decision processes and presents several advantages [21, 22] . However, the DP method not always represents a significant advantage, especially when dealing with multi-reservoir problems. One limitation of DP is its handling of multiple state variables. Each of these state variables would need to be discretized. As the number of state variable increases, the number of discrete combinations of state variable values increases exponentially. This is called the dynamic programming "curse of dimensionality". This shortcoming typically limits the application of discrete dynamic programming to problems with three or four state variables. It has motivated many researchers to search for ways of reducing the number of possible discrete states required to find an optimal solution for large multi-state problems. Various modifications have been performed on the original DP formulation to mollify the "curse of dimensionality" of discrete dynamic programming, including coarse grid/interpolation techniques, dynamic programming successive approximations (DPSA), incremental dynamic programming (IDP) or discrete differential dynamic programming (DDDP) [8] . Although these methods alleviate the dimensionality problem, they fail to vanquish it completely. Progressive optimality algorithm (POA) proposed by Howson and Sancho in 1975 is an effective method of reducing the dimensionality difficulties of multi-state decision problems [23] .
China is the world's most populous country and has had a rapidly growing economy in the past thirty years. A stable, economic and clean energy system has been established to support sustainable economic and social development. As a clean, renewable, pollution-free and low cost energy, hydropower energy has been developed as a priority project. China has become the world's largest producer of hydroelectric power, which plays an important role in China's energy development strategy. As a large number of cascade hydropower plants have been built in recent years, attention has been focused on improving the operational effectiveness and efficiency of multi-reservoir systems.
The purpose of this paper was to develop joint operation models for the Three Gorges cascade and Qingjiang cascade reservoirs based on the objective functions of maximizing hydropower generation and revenue. The progressive optimality algorithm is used to solve the models and the results are compared with design operation rules.
Three Gorges and Qingjiang Cascade Reservoirs
With a length of more than 6300 km, the Yangtze River is the largest river in China and the third in the world. It contains a huge hydropower resource, and 53.4% of the available amount can be developed. With the completion of the Three Gorges Project and Shuibuya reservoir in 2009, the world's largest cascade hydropower plant was formed near the city of Yichang in Hubei Province. This multi-reservoir system consists of the Three Gorges cascade reservoirs (Three Gorges, Gezhouba) and the Qingjiang cascade reservoirs (Shuibuya, Geheyan, Gaobazhou). These five reservoirs are located in the same geographical and climatic zone. The total installed capacity is 24,200 MW and the average annual hydropower generation is 110 billion kWh. The location of Three Gorges cascade and Qingjiang cascade reservoirs is shown in Figure 1 .
The Three Gorges Reservoir (TGR) is a vitally important and backbone project in the development and harnessing of the Yangtze River in China. Table 1 . 
Joint Operation Models
The aim of joint operation for the Three Gorges and Qingjiang Cascade reservoirs is to obtain as much hydropower revenue as possible in an electricity market. For comparative study, maximum hydropower generation and maximum hydropower revenue are both chosen as objective functions, respectively.
Maximum Hydropower Generation
If all hydropower plants meet the required water supply and initial power supply, the objective is to generate maximum power from the whole system. The objective function can be described as follows:
where T is the total number of the computation time interval index; n is the total number of reservoirs in the multi-reservoir system; i is the index for the number of reservoirs; t Δ is the time interval; t is the index for the current period; t P is the output of power in the tth period; t i, η is the hydropower generation efficiency of ith reservoir in tth period;
Q is the release through the reservoir turbines of the ith reservoir in the tth period;
H , is the difference between reservoir water level and tail-race water level of ith reservoir in tth period; E is the sum of the hydropower generation of the reservoirs.
Maximum Hydropower Revenue
Considering the constraints of the electric power system of hydropower plants, the adjusted objective function can be written as:
where F is the revenue of reservoirs; t i E , is the sum of hydropower generation of the ith reservoir in the tth period; t i C , is the price of hydropower generation of the ith reservoir in the tth period.
Subject to the Following Constraints
(1) Water balance equation:
(2) Reservoir water level limits:
(3) Comprehensive utilization of water required at downstream reservoir limits:
(4) Power generation limits: 
Progressive Optimality Algorithm
The POA divides a multi-stage problem into several two-stage problems. It can be described iteratively to solve the optimization of a two-stage problem, while the other stage variables remain fixed. After solving the problem at the stage below, the next two-stage problem will be considered, and the optimal result of the previous stage problem is the next initial condition. The algorithm continues its iterations until the difference between the current value of every state variable and the value at the last iteration is less than the specified precision limit. When this condition is reached, the resulting values represent the optimal path as they satisfy the principle of progressive optimality.
The simplex method is one of the best known algorithms for multidimensional constrained optimization [23, 24] . The method does not require any derivative information, which makes it suitable for problems with non-smooth functions. It can also be used for problems with discontinuous functions, which occur frequently in statistics and experimental mathematics. The simplex method frequently gives significant improvements in the first iterations and quickly produces quite satisfactory results.
Howson and Sancho [25] have given the detail description of the POA algorithm and shown that the solution obtained is optimal. Turgeon used the principle of progressive optimality to minimize total production cost (including power imports and exports) of a multi-reservoir system [26] . Since the joint operation of Three Gorges and Qingjiang cascade reservoirs is a multi-dimensional and multi-stage optimization problem, POA was selected and used to solve the proposed model. The initial values were chosen based on the operation results of the design rules.
For clarity, we will use the following terminology throughout: K is the length of the time series; 
The optimization of reservoir operation proceeds is illustrated in Figure 2 . 
Results and Discussion
The inflows of the Three Gorges cascade and Qingjiang cascade reservoirs from five consecutive years (from 1982 to 1987) were selected for comparative study. The 1982-1983 period corresponded to wet years, 1984-1985 were normal years and 1986-1987 were dry years. These five years represent different meteorological and hydrological characteristics as well as reservoir release patterns. The proposed model has been successfully applied to the multi-reservoir system and daily data is used in this study. For comparative study, three different operation modes are selected and described as follows:
(1) Operation based on reservoir design rules; (2) Optimal operation of individual cascade reservoirs; (3) Joint optimal operation of two cascade reservoirs.
Only the designed operating rule curves of the Three Gorges reservoir and Shuibuya reservoir have been described briefly. The designed operating rule curves of the Three Gorges reservoir is shown in Figure 3 . From the end of May to the beginning of June, the reservoir water level will be lowered to 145 m (flood limited water level, FLWL). In October, the reservoir water level will be raised gradually to the normal pool level of 175 m. From November to the end of April in the following year, the reservoir should be kept at as high water level as possible to generate more electrical power. The reservoir water level will be lowered further, but should not fall below 155 m before the end of April to satisfy navigation conditions.
The designed operating rule curves of the Shuibuya reservoir are shown in Figure 4 , in which the whole storage space is divided into five operational zones. If the water level rises to FLWL or into the flood prevention zone during flood season, the reservoir is operated according to designed flood control rules. Otherwise, the hydropower plant is operated between the upper and lower basic guide curves. Choosing maximum hydropower generation as the objective function, the results of annual hydropower generation (HG) and spilled water (SW) calculated by these three operation modes are summarized in Table 2 The hydropower generation and spilled water during flood season (FS) and non-flood season (NFS) were also estimated and are listed in Table 3 and Table 4 . Compared with operation based on reservoir design rules, the joint operation of two cascade reservoirs can generate an extra 2.908 billion kWh during the flood season and 3.084 billion kWh during the non-flood season. During the flood season, the Qingjiang and Three Gorges cascade reservoirs are increased by 0.867 billion kWh and 2.041 billion kWh; while in non-flood season, they are increased by 0.036 billion kWh and 3.148 billion kWh, respectively. Correspondingly, as shown in Table 4 The hydropower outputs of the three operation modes for the Qingjiang cascade and Three Gorges cascade reservoirs in wet years, normal years and dry years are shown in Figures 5-7 , respectively. Mode (1) Mode (2) Mode (3) (a) Qingjiang cascade reservoirs (b) Three Gorges cascade reservoirs Mode (1) Mode (2) Mode ( Mode (1) Mode (2) Mode (3) (a) Qingjiang cascade reservoirs (b) Three Gorges cascade reservoirs Mode (1) Mode (2) Mode (3) (a) Qingjiang cascade reservoirs (b) Three Gorges cascade reservoirs
As shown in Figures 5a-Figure 7a , the outputs of the Qingjiang cascade reservoirs under operation mode (3) are larger than that of operation mode (2) during the flood season, and less than that during the non-flood season. Figures 5b-Figure 7b show that the outputs of the Three Gorges cascade reservoirs under operation mode (3) are larger than that of operation mode (2) for the whole year. Since the TGR is a seasonal adjustment reservoir, it could be considered as a compensated reservoir.
Comparison of water levels estimated by the three operation modes for the Shuibuya reservoir and TGR are shown in Figure 8 . According to Figure 5a and Figure 7a , the output of operation mode (1) is increased as the inflow of the Qingjiang River is raised from June to July; while from August to December the output is reduced as the inflow slowly declines, and the reservoir water level is raised gradually to the normal pool level. After the end of December, the output should be kept to the minimum requirement value and the water level is slowly dropped since the inflow is small during the dry season. The water level of mode (3) is less than that of mode (1) when the Shuibuya reservoir is unfilled, and is larger than that of mode (1) after the reservoir is filled. Similarly, the water level of TGR for mode (3) is more than that of mode (1) during the non-flood season. The reason is the operation of mode (1) is based on design rules, while the operation of mode (3) is based on maximum power generation in the multi-reservoir system. Mode (2) Mode (1) Inflow (a) Shuibuya reservoir (b) Three Gorges reservoir
As shown in Figure 8b , from the end of May to the beginning of June, the water level of TGR is lowered to the flood limited water level (FLWL) of 145 m. During the flood season (from the middle of June to the end of September), the reservoir has to be operated at this low level. In October, the water level is raised gradually to the normal pool level of 175 m and the power output is reduced. From November to the end of April in the following year, the reservoir is kept at as high a water level as possible for regulating the peak electrical load of the network. Table 5 lists hydropower generation and spilled water of three operation modes estimated by objective function of maximum hydropower revenue. It is shown that the joint optimal operation of two cascade reservoirs can increase revenue by 1.450 billion Yuan or 5.44%, and total spilled water is reduce 82.871 billion m 3 or a decrease of 39.43%, annually in comparison with operation mode based on the design rules. 
Conclusions
The optimal operation modes for individual and joint cascade reservoirs were established based on the objective functions of maximizing hydropower generation and hydropower revenue. The progressive optimality algorithm was used to solve these operation modes in this study. The Three Gorges cascade and Qingjiang cascade reservoirs in China was selected as a case study, and the results can be summarized as follows:
(1) Compared to the operation mode based on the design rules, the joint operation of the two cascade reservoirs by maximizing the hydropower generation objective function could generate an extra 5.992 billion kWh for an increase of 5.70% annually.
(2) Since the regulation ability of reservoirs and price of hydropower plants are different, joint optimal operation of the two cascade reservoirs by maximizing hydropower revenues objective function performs best, and increases revenues 1.45 billion Yuan for an increase of 5.44% annually in comparison with the operation modes based on the design rules.
(3) Joint operation of the two cascade reservoirs can not only increase hydropower generation, but also improve water utilization efficiency significantly, especially during the flood season. Compared to the operation mode based on the design rules, the joint operation mode can generate an extra 2.908 and 3.084 billion kWh, and reduce spilled water 5.384 and 78.741 billion m 3 during the flood season and the non-flood season, respectively.
